Abstract. Although procedures for in vitro fertilization with cryopreserved sperm have been published there is a lack of data indicating that the cryoprotectant and cryopreservation procedures used for those procedures were optimal. To redress this, fertilization rate of eggs exposed to sperm in vitro was used as the outcome in the optimization of raffinose concentration in the cryoprotectant (raffinose in water), volume of cryoprotectant, and freezing conditions for C57BL/ 6J mouse sperm. Sperm were frozen in a cylindrical Dewar with an internal diameter and height of 14.0 cm and 36.0 cm respectively. The optimal concentration of raffinose was 23-24% (510-540 mOsm/kg). The optimal volume of cryoprotectant used to prepare the sperm suspension from a single mouse was 180-400 μl, and sperm proved most fertile when frozen 13-25 mm above liquid nitrogen. Raffinose in the fertilization medium did not inhibit fertilization. ryopreservation of mouse sperm has become an acceptable and cost-effective procedure for archiving the genomes of genetically engineered mice. Although procedures for in vitro fertilization (IVF) with cryopreserved sperm have, to some extent, been optimized [1] [2] [3] [4] [5] , there is little objective information demonstrating optimization of a cryoprotectant and cryopreservation procedure for mouse sperm. Hence, that was the purpose of this study. The cryoprotectant chosen was raffinose pentahydrate dissolved in water, the sperm were obtained from C57BL/6J mice, and optimization of the cryoprotectant concentration and cryopreservation conditions was determined by in vitro fertilization rate.
(J. Reprod. Dev. 57: 92-98, 2011) ryopreservation of mouse sperm has become an acceptable and cost-effective procedure for archiving the genomes of genetically engineered mice. Although procedures for in vitro fertilization (IVF) with cryopreserved sperm have, to some extent, been optimized [1] [2] [3] [4] [5] , there is little objective information demonstrating optimization of a cryoprotectant and cryopreservation procedure for mouse sperm. Hence, that was the purpose of this study. The cryoprotectant chosen was raffinose pentahydrate dissolved in water, the sperm were obtained from C57BL/6J mice, and optimization of the cryoprotectant concentration and cryopreservation conditions was determined by in vitro fertilization rate.
A successful mouse sperm cryoprotectant results in high postthaw fertilization rates and recovery of live pups. In those terms, raffinose pentahydrate dissolved in water is the most successful mouse sperm cryoprotectant [1, [3] [4] [5] [6] [7] . Commonly, skim milk powder is included [1, 2, 4, 6] to stabilize the pH [8] and to reduce damage to the plasma membrane sustained during the freeze-thaw process [1] . However, An et al. [9] found that skim milk did not influence post-thaw viability of mouse sperm, and recently it was suggested that skim milk may reduce the capacity of mouse sperm to fertilize eggs in vitro [1] .
Raffinose is a plasma membrane-impermeant uncharged molecule that provides the hypertonicity needed to remove water from the sperm prior to freezing [10] . Since generally it is considered that a cryoprotectant must be able to penetrate cells, the basis of the cryoprotective effect of raffinose is unknown [11] . Special properties of sperm, such as their high surface area to volume ratio and low water content [12] may enable them to survive freezing, thawing and release into fertilization medium in raffinose based solutions. However, the proportion of sperm that survive unscathed is dependent on the strain of mouse providing the sperm. For example, Nishizono et al. [13] determined that 90% of DBA/2 and 16% of C57BL/6J sperm survive freezing and thawing unscathed. Despite the different injury rates, post-thaw motility was similar (68 and 60%), but the proportion of eggs fertilized was very different (94% for DBA/2 sperm and 17% for C57BL/6J sperm). At that time it was known that cryopreserved C57BL/6J sperm were capable of fertilizing a high percentage of eggs in vitro, provided that the sperm were preincubated in calcium-free medium and that motile sperm were used for the IVF [7] . Therefore the low fertility of the C57BL/5J sperm was not caused by a lack of potentially fertile sperm. It was reasoned that soluble factors (possibly reactive oxygen species) generated by moribund sperm could be inhibiting potentially fertile sperm from fertilizing eggs, and that their removal would increase the fertilization rate [5] . Dilution/removal of soluble factors inhibiting fertilization was achieved using as the container within which IVF was carried out a Transwell insert with a pore size that excluded sperm but allowed free diffusion of solutes between fertilization medium in the well and fertilization medium in the insert. High fertilization rates were achieved by this method [5] .
The challenge for the current study was whether or not fertilization rates in Transwell inserts could be used to discriminate between small differences in the concentration of raffinose pentahydrate used to extend the sperm, and between differences in the cryopreservation procedure necessary for optimization.
Optimization of the cryopreservation procedure was based on the parameters specified by Stacy et al. [14] and shown to affect post-thaw sperm viability. Those were freezing rate, which was varied by freezing sperm at different heights above liquid nitrogen, and warming rate. In addition, the volume of cryoprotectant used to prepare the sperm prior to freezing was optimized and possible toxicity of raffinose for eggs or sperm was examined.
Materials and Methods

Animals
Mice purchased from the Walter and Eliza Hall Institute of Medical Research colony were maintained using routine husbandry procedures in accordance with the Guidelines set out in the Australian Code of Practice for the Care and Use of Animals for Scientific Research [15] and housed under a 14L:10D light cycle (lights on 0600 to 2000 h). Eggs and sperm were derived from C57BL/6J mice. Sperm donors (age, 4-8 months and weighing 28-32 g) were housed singly for at least 5 days prior to sperm collection. Sperm were collected from caudal epididymides judged to be grossly normal and filled with sperm. Following in vitro fertilization, two-cell embryos were transferred into (CBA × C57BL/6J) F1 recipient females.
Experimental design
Optimum sperm cryoprotectant and cryopreservation procedures were determined by comparing fertilization rates of C57BL/6J mouse eggs exposed to sperm from C57BL/6J mice frozen in 21-27% raffinose in water (450-630 mOsm/kg) 13-25 mm above liquid nitrogen and thawed at 53 C after 4 sec in air. The fertilization was done in 6.5-mm diameter inserts (Transwells ®, Corning Incorporated, Corning, NY) placed in wells containing fertilization medium as described below, and in more detail elsewhere [5] . The inserts ensured that the concentrated sperm were exposed to a large volume of medium. Putative inhibitory factors evolved during coincubation of the sperm and eggs were diluted out by diffusion through the porous base of the insert into medium below. Dilution of these factors was increased by sequential transfer of the insert to fresh wells of medium. To ensure free flow of molecules through the porous membrane, eggs denuded of cumulus cells were used in the IVF procedure. Transfer of factors released by sperm through the porous base of Transwell inserts has been demonstrated [16] .
Optimum freezing conditions for C57BL/6J sperm were determined using a checkerboard design. Sperm from each of three mice were extended in 180 μl of one of five concentrations of raffinose (21, 23, 24, 25 , 27%; 15 mice total), and 14 μl of the suspension was transferred to freezing straws. Duplicate samples from each mouse were frozen at five heights above liquid nitrogen (see Methods below and Table 1 ). Based on the results of this study, in subsequent experiments the sperm column was frozen within 25 mm of the liquid nitrogen surface, with the 7 mm long sperm column (volume 14 μl) at 18-25 mm to ensure that the end of the straw was not accidently pushed into the liquid nitrogen.
Since it was not clear from the above study which of the raffinose concentrations was optimal, the experiment was repeated using sperm from each of three C57BL/6J males extended in 400 μl of each of six concentrations of raffinose (19, 21, 23, 24, 25 , 27%, osmolality 400, 450, 510, 540, 570 and 630 mOsm/kg respectively; 18 mice). As a result of this study, in subsequent experiments sperm were frozen in 23.7% raffinose, osmolality 530 mOsm/kg. Using sperm from the same mice, fertilization rates also were determined following incubation of the sperm and eggs in 6.5-mm wells.
The optimum volume of raffinose cryoprotectant for extending the sperm of an individual mouse was evaluated using sperm from each of three C57BL/6J mice frozen in each of three volumes of raffinose (180, 400 and 800 μl; 9 mice), and thawed at 53 C after 4 sec in air. Pairs of sperm samples from each mouse at each volume tested were used for IVF, and the results of each pair were pooled for analysis. The impact of thawing temperature on sperm viability was evaluated using sperm from three C57BL/6J mice extended in 300 μl of raffinose solution. Pairs of sperm samples from each mouse were thawed at each of 37 C and 53 C as described below and used for IVF. The results of each pair of duplicate samples thawed at each temperature were pooled for analysis. The influence of raffinose in the fertilization milieu was determined using frozen sperm from six C57BL/6J mice, extended in 180 μl of 23.7% raffinose solution. Three treatment groups were set up. In groups 1 and 2 sperm and eggs were coincubated in Transwell inserts. In group 1 (Insert-R), raffinose was not added to the fertilization medium in the well so that the concentration of raffinose and factors released by sperm into the fertilization milieu decreased throughout the incubation. In group 2 (Insert + R), raffinose solution (2 μl/100 μl of fertilization medium) was added to the well so that the sperm and eggs were continually exposed to the starting concentration of raffinose. In treatment 3 (Well), sperm and eggs were coincubated in a 6.5-mm well so that the gametes were continually exposed to raffinose and to molecules released by the sperm. Sperm samples from 6 mice were subjected to each treatment, and the results of IVF from each treatment were pooled for analysis.
In order to confirm that the fertilized eggs would result in viable offspring, 2-cell C57BL/6J embryos were transferred to recipient females as described below.
Egg collection
Female 24-27 day-old C57BL/6J mice were superovulated by i.p. injections of 7.5 IU eCG (Folligon; Intervet, Bendigo, Vic 3550, Australia) at 1630 h followed 48 h later by 7.5 IU hCG (Intervet). Fourteen to fifteen h after the hCG injection the mice were killed by cervical dislocation and their oviducts were removed. The egg-cumulus cell masses were removed and placed in wash medium (K-RVWA-50; Cook Australia, Eight Mile Plains, Qld, Australia) containing 0.03% hyaluronidase (H 3884; Sigma). After the cumulus cells had dispersed the cumulus cells and hyaluronidase were removed by passing the eggs through 4 drops of wash medium. The cumulus-free eggs then were transferred to cell culture inserts as described below.
The cryoprotectant
Raffinose dissolved in water was prepared by adding filter-sterilized water (R < 18 Ohm) to a pre-weighed aliquot of raffinose pentahydrate (R 7630; Sigma, St Louis, MO) in a graduated 14 ml tube (Falcon tube # 352057; Becton Dickinson, Franklin Lakes, NJ). The amount of raffinose was determined by the concentration desired (19, 21, 23, 24, 25 , 27% w/v). Initially sufficient water was added to just cover the raffinose and the tube was vortexed briefly to remove air bubbles trapped in the raffinose. Water then was added to the 10 ml mark on the tube. The tube was placed in a 60 C water bath and shaken intermittently until the raffinose had dissolved. The osmolality of the raffinose solution was determined using a freezing point depression osmometer (Model 3320; Advanced Instruments, Norwood, MA). Osmolality values of super-saturated solutions of raffinose solution will be lower by 20-35 units if measured using a vapor pressure osmometer.
Sperm cryopreservation
Sperm suspensions were prepared in various concentrations of raffinose pentahydrate in water, described in the experimental design. Four-to 7-month-old virgin male C57BL/6J mice were held one per box for a week prior to sperm collection. Following cervical dislocation, both epididymides were removed immediately and transferred to cryoprotectant in a well of a 4-well multiplate (# 14444; Nunc, Roskilde, Denmark) elevated along one edge to prevent the sperm suspension from spreading out over the base of the well. The epididymides were cut 5-10 times with fine scissors and the sperm were left to disperse into the cryoprotectant for 1-2 min, over which time the dish was shaken 2-3 times. The volume of cryoprotectant used to extend sperm from a single mouse was varied end of each straw (resulting in a 7 mm long column of sperm suspension) and then drawn up the straw so that the trailing edge of the sperm column was at the 10 mm mark after the straw was sealed. After the sperm suspension had been transferred to the 10 straws the open end of each straw was sealed with straw-sealing powder (Genetics Australia, Bacchus Marsh, Vic 3340, Australia) and immediately the straws were transferred to a prepared liquid nitrogen Dewar flask (Model 5LD; Taylor-Wharton, NSW, Australia) with the following specifications: capacity 5.0 liters; neck diameter 14.2 cm; overall height 44.5 cm and body diameter, 19.3 cm. The Dewar can be viewed on the Taylor-Wharton website, www.taylorwharton.com.
The Dewar was filled with liquid nitrogen and left to equilibrate overnight. A 9 mm diameter goblet (Genetics Australia) and lid (a cut down inverted goblet) were inserted into a metal cane and the cane was placed in the Dewar. The height of the liquid nitrogen was adjusted so that its surface was 8 cm below the rim of the Dewar. A lid made of a flat piece of 10 mm-thick Styrofoam with holes drilled in it, one for each straw, was placed over the Dewar and held down with strips of vinyl tape. To prevent the straws from slipping into the liquid nitrogen, a small fitted, 3 mm thick circular rubber washer was placed over each straw and then the straws were pushed vertically, sealed end first, through a hole in the lid until the 70-90 mm mark on the straw was reached. Thus, when the mark on the straw was, for example, 85 mm, and level with the top of the washer lying flat on the lid, the 7 mm sperm column was suspended 18-25 mm above the liquid nitrogen. The straws were left to freeze in the vapor for 5 min and then pushed into the liquid nitrogen, where they floated until they were placed in the goblet and covered by the goblet lid.
In vitro fertilization
The IVF procedure has been described in detail elsewhere [5] .
Fertilization medium, (K-RVFE-50, Cook; 625 μl) was placed in 4 wells of a 12-well cell culture plate (#3512; Corning Incorporated, Corning, NY). A 6.5 mm-diameter Transwell insert (#3413; Corning) was placed in the first well and then 100 μl of fertilization medium was placed in the insert. The plate was transferred to an incubator with a humidified atmosphere of 5.5% CO2 /air for at least 60 min prior to adding 50-60 cumulus-free eggs. The sperm suspension was thawed by removing a straw from the liquid nitrogen, holding it in room-temperature air for 4 sec and then in a 53 C water bath for 6 sec. In one experiment (described above in Experimental Design) sperm were thawed in a 37 C water bath for 30 sec.
The straw was wiped dry, its sealed end cut off, and 2 μl of the sperm suspension was transferred to the insert containing the eggs. The plate then was returned to the incubator. At 30, 60 and 90 min the plate was removed from the incubator and each insert was transferred to a well containing fresh medium. Before returning the plate to the incubator any air bubbles trapped under the inserts were eliminated. Midway between transfers and 30 min after the last transfer the plate was shaken briskly for 2-3 sec to dislodge debris collected on the base of the insert. The sperm and eggs were incubated for a further 4.5 h after the last transfer. The eggs were removed from the insert and washed through 4 drops of wash medium before transfer to equilibrated drops of fertilization medium containing 0.1mM EDTA (E 6511; Sigma) under oil, and incubated overnight in the CO2 incubator.
Raffinose in the fertilization milieu
The influence of raffinose in the fertilization milieu was determined using sperm from 6 mice frozen in 180 μl of 23.7% raffinose and incubated with eggs in 6.5 mm-diameter inserts in 100 μl of fertilization medium. The wells beneath the inserts contained 612 μl of fertilization medium or 600 μl of fertilization medium plus 12 μl of 23.7% raffinose solution. Sperm and eggs were also co-incubated in 100 μl of fertilization medium in 6.5 mm-wells (96-well tissue culture plate # 167008; Nunc). These plates were treated as though they contained an insert except that an insert was not transferred.
Fertilization rate
All eggs exposed to sperm were included in the calculation of the fertilization rate (% eggs that were 2-cell 25-26 h after sperm were added) except those that did not have a zona pellucida (< 1: 1000). As a control on extraneous factors initiating embryogenesis, the development of eggs to 2-cell embryos was also determined for 203 eggs incubated as above, but without C57BL/6J sperm.
Embryo transfer
Ten 2-cell embryos were transferred to the right oviduct of individual Day 1 pseudopregnant mice (30 recipients in one experiment; 17 recipients in a second). Offspring delivered 19 days later were examined for viability and for obvious external abnormalities.
Statistical analysis
Duplicate samples of sperm from individual males were subjected to each treatment. The results of in vitro fertilization for the duplicate samples were combined to provide an overall fertilization rate for each male mouse. The data presented are means ± SEM. Unless stated otherwise the means were based on fertilization rates of sperm taken from 3 different mice (n=3).
Statistical comparisons were made using one-way ANOVA. Differences between means were determined using the TukeyKramer multiple comparison test after arcsin transformation of the data using GraphPad Instat (GraphPad Instat Software; San Diego, CA). The Student's t-test was used to determine the difference between the two warming rates. Differences between means were considered statistically significant when P<0.05 was achieved.
Results
The optimal concentration of raffinose was 23-24 %
The fertilization rate varied with the concentration of raffinose in the cryoprotectant (see Fig. 1 ). Fertilization rate using sperm prepared in 23 and 24% raffinose solution (60 ± 3 and 74 ± 4%, respectively) did not differ significantly. Fertilization rate for sperm frozen in 19% (26 ± 2%), 21% (52 ± 2%), 25% (52 ± 5%) and 27% (36 ± 5%) raffinose solution was significantly lower than for sperm frozen in 24% raffinose. The conclusion was the same when the analysis included the data shown in Table 1 for sperm frozen 18-25 mm above liquid nitrogen (total n=6).
Optimal height above liquid nitrogen for freezing sperm was 13-25 mm
Fertilization rate using sperm cryopreserved in 21-27% raffinose and frozen at 13-25 mm above liquid nitrogen was broadly comparable (Table 1) but consistently lower when the distance above liquid nitrogen exceeded 25 mm. The cryopreservation procedure was standardized by freezing the sperm column 18-25 mm above the liquid nitrogen surface to ensure that the end of the straw was not accidentally pushed into the liquid nitrogen.
Fertilization rate was highest using sperm extended in 180-400
μl of cryoprotectant Fertilization rate was similar for sperm extended in 180 and 400 μl of cryoprotectant (76 ± 8 and 74 ± 4% respectively) but was significantly lower for sperm extended in 800 μl of cryoprotectant (56 ± 2%, P < 0.01; Fig. 2 ).
The proportion of eggs fertilized by sperm thawed at 37 C and 53 C was similar
Fertilization rate was no different for sperm thawed at 37 C (63 Data are mean ± SEM, n=3. ± 10%) and at 53 C (72 ± 4%) (P>0.05).
The presence of raffinose in the fertilization milieu did not influence the fertilization rate
As shown in Fig. 3 the fertilization rate of eggs incubated with thawed sperm in inserts with and without raffinose in the fertilization milieu did not differ (67 ± 5 and 68 ± 4% respectively). The proportion of eggs fertilized by sperm in the 6.5-mm wells, where the sperm and eggs were continually exposed to damaged sperm and to raffinose, was significantly lower (24 ± 4%; P < 0.001) than in inserts.
No parthenogenic activation of eggs
None of 203 eggs incubated in wells or in inserts without sperm cleaved.
Birth of pups
Viable pups without externally visible abnormalities were born to recipients of 2-cell embryos (138/300 (46%) embryos in one experiment; 68/170 (40%) in a second).
Discussion
No test is capable of accurately describing post-thaw sperm fertility better than fertilization rate. In this study post-thaw sperm fertility was monitored by fertilization rate following coincubation of frozen and thawed sperm with fresh eggs in Transwell inserts. The success of the cryopreservation and IVF procedures used in this study was validated by the delivery of viable pups after transfer of 2-cell C57BL/6J embryos to recipient females. Fertilization rate in Transwell inserts proved capable of discriminating between sperm prepared in different concentrations of raffinose, frozen at different heights above liquid nitrogen, and prepared in different volumes of the cryoprotectant. C57BL/6J sperm proved most fertile when extended in 180-400 μl of 23-24 % raffinose (w/v) and frozen 13-25 mm above the surface of liquid nitrogen. The concentration of the raffinose and height above liquid nitrogen were standardized to 23.7% raffinose (w/v) and 18-25 mm respectively. This optimized procedure also has been found suitable for cryopreservation of sperm of 129S1/SvImJ, FVB/NJ and C3H/HeJ [5] . However, preliminary investigation suggests that the sperm from these strains retain high fertility following freezing in 21-24% raffinose (data not shown).
In this study, in vitro fertilization rates were highest using sperm that had been frozen in 23-24% raffinose. However, similar high fertilization rates have been demonstrated with C57BL/6J sperm frozen in 18% raffinose [3] . To achieve this, thawed sperm were preincubated in calcium-free medium and then motile sperm were selected for the IVF. Thus, deficits in the cryopreservation procedure can be masked by manipulation of the sperm after thawing.
Fertilization rate was the only parameter of sperm function examined. Now that it has been established that post-thaw sperm fertility varies with the concentration of raffinose in the cryoprotectant, an investigation into the properties of sperm that contribute to post-thaw sperm fertility, including post-thaw sperm motility, membrane damage, mitochondrial damage and frequency of spontaneous acrosomal loss, is warranted.
According to Stacy et al. [14] the depth of the liquid nitrogen, the Dewar used, and the size of the opening at the top of the Dewar all influence the cooling rate and post-thaw motility; therefore, these were carefully detailed in this study.
The high fertilization rates achieved by C57BL/6J sperm in this study were dependent on the volume of cryoprotectant used to prepare the sperm suspension, with 180-400 μl proving optimal. Data from a previous study suggested that preparation in a lower volume of cryoprotectant reduced post-thaw fertilization rate [5] . It is possible that sperm at high concentration are more likely to be damaged by pipetting [17] and more susceptible to mechanical stresses that arise during freezing [18] . On the other hand, dilution of the sperm in a relatively large volume of cryoprotectant (1.0 ml [2] ) runs the risk of over-dilution, and once diluted, it is difficult to again concentrate frozen and thawed mouse sperm. Keeping the sperm relatively concentrated may prove advantageous if motile sperm need to be selected and used in the IVF procedure. Selection of motile sperm may prove useful for sperm from mouse strains found to have poor post-thaw fertilization rates [1, 3] . The results of the current study suggest that it may be prudent to extend the sperm from a single mouse in no more than 200-300 μl of cryoprotectant.
It has been common practice to remove the cryoprotectant from the sperm suspension prior to IVF, to eliminate any possibility of inhibition of fertilization by the cryoprotectant [19, 20] . At a concentration of 2 μl /100 μl of fertilization medium, 23.7% raffinose pentahydrate had no influence on fertilization rate. It is noteworthy that the proportion of eggs fertilized by sperm in Transwell inserts was significantly higher than in wells (Fig. 3) . Clearly, the significantly lower fertilization rate achieved by the sperm in the wells was caused not by the presence of raffinose, but by factors generated in the fertilization medium by the sperm, as discussed elsewhere [5] . No difference in fertilization rate was observed using sperm thawed in a water bath set at 37 C or 53 C. Suzuki-Migishima et al. [3] also found that C57BL/6J sperm best fertilized eggs after thawing in a 54 C water bath. In contrast, Ostermeier et al. [2] noted that sperm thawed in a 54 C water bath fertilized significantly fewer eggs than sperm thawed in a 37 C water bath. The difference may relate to thawing technique, with high fertilization rates requiring the straw be held in air for about 4 sec before transfer to the water bath.
The most commonly used cryoprotectant for mouse sperm is R18S3 (480-500 mOsm/kg [8] ) containing 18% raffinose 3% skim milk [14, 21] . The use of this concentration of raffinose originated with a paper by Nagase published in 1966 (reviewed in [22] ). Presumably, the use of skim milk, as for raffinose, derives from the cattle literature. Skim milk was first incorporated into a cryoprotectant for mouse sperm by Rapatz and Zimmerman (reviewed in [23] ). In 1990, Okuyama et al. (reviewed in [9] ) showed that a combination of 18% raffinose and 3% skim milk provided protection for mouse sperm. Later a variety of combinations of raffinose (12-21%) with 3% skim milk were tested. Although there was no difference in post-thaw motility of sperm frozen in 18 and 21% raffinose, 18% was adopted and R18S3 became the standard mouse sperm cryoprotectant [6, 19] . An et al. [9] found no difference in the post-thaw motility of ICR sperm frozen in R18S3 and 21.3 % raffinose solution. It is noteworthy that the first study showing that frozen and thawed C57BL/6J sperm were capable of fertilizing a high percentage of zona-intact eggs in vitro used sperm cryopreserved in 19% raffinose solution [7] . Currently there is some debate about the usefulness or otherwise of including skim milk in mouse sperm cryoprotectants [1, 3] . Use of an extender containing raffinose alone was permissive of high fertilization rates in the current study.
Improvements to the IVF procedure have enabled cryopreserved C57Bl/6J sperm to fertilize a high percentage of eggs in vitro [1] [2] [3] [4] . In contrast, there has been little, if any improvement in mouse sperm cryoprotectants. There are claims that inclusion of monothioglycerol [2] and L-glutamine [24] to the cryoprotectant (R18S3)) promote high fertilization rates. However, neither of the studies differentiated a cryoprotective effect from the effect of inadvertent transfer of the additive to the fertilization milieu. A case in point is the increased fertilization rate achieved by sperm frozen in R18S3 supplemented with the reducing agent monothioglycerol (MTG) [2] . A similar increase in fertilization rate also occurs when MTG is included in the fertilization medium only [5] .
There are several IVF procedures that increase the post-thaw fertility of C57BL/6J mouse sperm, including preincubation of the sperm in calcium-free medium [3, 7] , or methyl-beta-cyclodextrin (MBCD) [1] . As these media do not support fertilization, it is necessary to dilute the sperm into fertilization medium after the preincubation using selected motile sperm [1, 3] .
Incubation in calcium-free medium has been shown to reduce the frequency of spontaneous acrosome loss [3] . However, it may have other effects such as priming the sperm for capacitation. The response to MBCD strongly suggests that cryopreservation inhibits capacitation of mouse sperm by preventing cholesterol efflux from the plasma membrane [1] . Cryopreserved rat sperm also respond to MBCD by releasing cholesterol, but capacitation-associated events downstream of cholesterol efflux do not occur. Direct stimulation of these latter events ensured high fertilization rates and the establishment of an IVF protocol for frozen and thawed rat sperm [25] .
Removal of damaged sperm [7] , dilution of factors that inhibit fertilization, and supplementation of the fertilization medium with disulfide-bond reducing agents [5] promote fertilization of eggs by cryopreserved mouse sperm. One interpretation of these findings is that reactive oxygen species (ROS) released by damaged sperm inhibit fertilization by suppressing capacitation. This suppression is removed by dilution of the ROS, or by neutralization of their effect using reducing agents such as reduced glutathione and MTG [5] .
Sperm cryopreservation for the purpose of banking, and subsequent recovery of pups by IVF, is an efficient and economical way of storing the haploid genome of genetically modified lines of mice. However, before embarking on such a project it is necessary to decide on the cryoprotectant, the volume of cryoprotectant and the cryopreservation procedure to use. The data reported in this study may enable such decisions to be made more rationally.
While fresh sperm and eggs, collected and incubated together in drops of standard fertilization medium under oil, can yield high fertilization rates, that procedure is rarely successful for cryopreserved mouse sperm, especially C57BL/6J sperm [2] . As mentioned briefly above, many manipulations of the IVF procedure, such as isolation of motile sperm following preincubation in calcium-free medium [3, 7] or medium containing MBCD [1] , the use of Transwell inserts [5] and supplementation of the fertilization medium with reduced glutathione [5] promote fertilization of eggs by cryopreserved sperm. Any one of these, or a combination [5] , may be needed to promote fertilization rates even with sperm that have been extended in an optimal cryoprotectant and frozen using an optimized procedure.
